Phytochemical investigation of the Australian lichen, Ramalina glaucescens resulted in the isolation of a new halogenated depside, 5-chlorosekikaic acid 5, together with (+)-usnic acid 1, sekikaic acid 2, atranorin 6 and parietin 7, the latter of which was isolated from the associated (co-occurring) lichen, X. parietina. Compound 5 is suspected to be an artifact of the isolation procedure. All structures were assigned using spectroscopic methods and mass spectrometry. In addition to the full characterization of 5, this report represents the first application of 2D NMR spectroscopy to complete the unequivocal chemical shift assignment for compounds 2 and 7. Compounds 1-2 and 5-7 all displayed varying degrees of antitumor activity (ranging from an IC 50 of 15 μM to >44 μM) with compounds 1, 2 and 5 also displaying antibacterial properties. Of these, (+)-usnic acid 1 displayed the most significant antitumor and antibacterial activities.
Lichens have proven to be a reputable source of biologically active secondary metabolites with >18,500 species reported worldwide [1] producing unique structural classes ranging from depsides, depsidones, depsones, lactones, quinones and the pulvinic acids [2a,2b] . Lichen constituents isolated from the genus Ramalina include, (+)-usnic acid 1, sekikaic acid 2 and D(+)-arabitol 3 previously reported from Ramalina tayloriana [2c] . Other structural classes isolated from Ramalina spp. include the glucans, such as β-mannose-containing polysaccharides, D-glucans with (1→3) as well as those with (1→3) and (1→4) linkages [2d,2e] . However, there have been no reports detailing the chemical constituents present from Ramalina glaucescens.
As a result of some of our recent studies of Australian lichens, including Chrysothrix xanthina (Vain.) Kalb. and Candelaria concolor (Dickson) B. Stein, it became evident that many previously reported lichen constituents had not been subjected to a complete structural characterization [3a,3b] . In many instances secondary metabolites were reported on the basis of limited or no NMR spectroscopic studies. Often, constituents were overlooked or poorly characterized due to their limited supply [4] . Recent advancements in state-of-the-art technologies as well as improvements in the sensitivity of NMR spectroscopy and mass spectrometry have provided opportunities to rapidly identify the presence of new natural products as well as to undertake the complete structural characterization of previously reported compounds for the first time [4] . To this end, the complete structural characterization has now been carried out for several lichen secondary metabolites by the Marine And Terrestrial Natural Product (MATNAP) research group at RMIT University (Melbourne, Victoria, Australia) [3a,3b] . In one of these studies the lichen, Chrysothrix xanthina (Vain.) Kalb. afforded pinastric acid 4, for which we established the complete structure by a combination of NMR spectroscopy as well as a single X-ray diffraction study [3a] . Following this study we next focused our efforts on the phytochemical profiling of two Australian lichens, Ramalina glaucescens and Xanthoria parietina. Chemical and biological profiling of R. glaucescens was motivated by the fact that the crude extract of this lichen demonstrated significant antimicrobial activity. This prompted the isolation of several compounds including 1, 2 and 5-7, the latter of which was isolated from the co-occurring lichen, X. parietina. In addition, we report the first application of 2D NMR spectroscopy to complete the unequivocal chemical shift assignment for compounds 2 and 7. We have also completed the biological assessment of compounds 1, 2 and 5-7 and found that while all displayed some antitumor properties, only compounds 1, 2 and 5 displayed antibacterial activity.
Isolation of lichen constituents from Ramalina glaucescens and Xanthoria parietina:
The major constituent isolated from R. glaucescens was the dibenzofuran, (+)-usnic acid 1. This compound has been extensively studied and is well known for its medicinal and commercial applications [5] . In our profiling study, 1 was isolated as a pale yellow oil and the structure confirmed by 1D and 2D NMR spectroscopy and mass spectrometry. The 1 H NMR, gCOSY, gHMBC and optical rotation supported the structure of 1, which was found to be identical in all respects to that previously reported [6a] .
The most polar fraction was isolated as a viscous, unstable brown oil. 1D and 2D NMR analyzes identified this fraction to contain a mixture of 2 and a chlorinated derivative. The ESI-MS showed the presence of a m/z 417 [M-H] -, consistent with a molecular formula of C 22 H 26 O 8 and 10 DBE. Sekikaic acid 2 was fully characterized and the data found to be identical to that previously reported [6b]. Prior to this study there had been no reports for the complete unequivocal chemical shift assignments of 2.
During the characterization of 2 it was found that over a period of time, degradation of the sample occurred resulting in a mixture of 2 and 5. Eventually the chemical transformation of 2 to 5 was complete, allowing for the complete characterization of 5.
During NMR data acquisition of 2 (ca. 16 hours later), analysis of the 1 H NMR indicated the presence of compound 5. ESI-MS identified the presence of an additional ion, m/z 34 units greater than that of 2, consistent with the replacement of one of the protons in 2 with a chlorine substituent. The structure of 5 was determined by a combination of 1D and 2D NMR experiments (Table 1 ). 
Hz (H-1˝´)] to δ 106.3 (C-5′) allowing one of the propyl moieties to be positioned. Further correlations were observed from the aromatic methine [δ 6.46, s (H-5´)] to the carbon bearing the carboxylic moiety at δ 104.7 (C-1´) and the quaternary carbon at δ 124.7 (C-3´). The methylene at [δ 3.21, t, J = 6.0 Hz (H-1˝)], belonging to the second propyl substituent, showed key HMBC correlations to the carbon bearing the chlorine substituent at δ 115.6 (C-5) and to the carbon bearing the bridging ester at δ 106.1 (C-1), thereby positioning this propyl moiety fragment. This methylene at [δ 3.21, t (H-1˝)] was deshielded as a result of the effect of the chlorine group substituted to this second aromatic ring in 5 compared to the methylene at [δ 2.97, m (H-1˝)] in 2. The isolated aromatic methine at [δ 6.48, s (H-3)] showed HMBC correlations to the carbon bearing the chlorine group at δ 115.6 (C-5) as well as to the carbon bearing the hydroxy moiety at δ 162.4 (C-2) ( Table 1 and Figure  1 ). The observed difference between compounds 2 and 5 was the presence of the carbon bearing the chlorine substituent at δ 115.6 (C-5) in 5, which replaced the methine at [δ 6.38, s (H-5)] in 2. Confirmation for the chemical shifts for the aromatic ring bearing the chlorine substituent were also based on comparisons to closely related compounds reported from (2) sekikaic acid R=H (5) A study conducted several decades ago described that in the biogenesis of chlorodepsidones, a depside may undergo halogenation and that the halogenated derivative can then undergo ring closure by the elimination of a hydrogen halide [6d]. It was not until 1964 that the halogenation of 6 and the first systematic study on the halogenation of lichen depsides was reported [6d]. Compounds 2 and 5 were isolated by normal phase semi-preparative HPLC as a 1:1 mixture. After approximately 16 hours of acquisition, the 1 H NMR spectrum had changed and indicated the presence of 5 as the major compound, with 2 only being present in small quantities (~3%, based on the 1 H NMR integration). It is speculated that 5 could be an artifact of the isolation procedure resulting from the extraction of the lichen with CH 2 Cl 2 followed by subsequent analysis in CDCl 3 . This transformation occurs in situ in an NMR tube, which could occur via the electrophilic substitution of chlorine that replaces the activated methine at C-5 and is catalyzed by the presence of acidic CDCl 3 . However, the observation of 5 in the crude extract as well as the fraction prior to HPLC purification, leading to the isolation of a 1:1 mixture of compounds 2 and 5, still leaves the possibility for 5 to be a natural product.
Another fraction obtained by normal phase HPLC contained atranorin 6, which was isolated as an unstable colorless oil. The structure of 6 was determined in this study from a series of 1D and 2D NMR experiments and ESI-MS. The 1 H NMR, gHSQCAD and gHMBC supported the structure of 6, which was identical to that previously reported [6a] .
Despite the simple structure of the pigment known as parietin (also known as physcion) 7 only the 1D NMR data has been reported whilst the complete assignment of the chemical shifts based on 2D NMR experiments has not [7a,7b] . Parietin 7 was isolated from the contaminating lichen, X. parietina, which was also present in the extract of R. glaucescens, despite efforts to separate it prior to the extraction. The ESI-MS displayed a m/z 283 [M-H] -, which indicated a molecular formula of C 16 H 12 O 5 and 11 DBE. The 13 C NMR spectrum of 7 contained 16 signals (four methines, two methyls and ten quaternary carbons) as confirmed by the gHSQCAD NMR experiment. The IR spectrum of 7 showed absorptions at 3425 (broad), and 1631 cm -1 , indicative of hydroxy and carbonyl moieties. This re-isolation of 7 has resulted in its first complete structural characterization involving 2D NMR spectroscopy. Important HMBC NMR correlations observed included those that supported the placement of the aromatic methyl group δ 2.45, s (H-15) adjacent to both methines at [δ 7.08, s (H-2) and δ 7.62, s (H-4) ]. The meta-coupled methine at δ 7.36, d (H-8) showed a three-bond correlation to the ketone moiety at δ 182.0 (C-6). Key HMBC correlations from the other meta-coupled methine at δ 6.68, s (H-10) included those to the hydroxy bearing carbon at δ 165.2 (C-11) together with carbons δ 166.5 (C-9) and δ 110.2 (C-12). Additional diagnostic HMBC correlations were observed from the hydroxy moiety at δ 12.11, s (1-OH) to the ring junction carbon at δ 113.6 (C-14) and to the olefinic carbon at δ 124.5 (C-2).
(+)-Usnic acid 1 displayed significant activity against the P388 murine leukaemia cell line (IC 50 of 15 µM) as well as significant antibacterial activity against Bacillus subtilis (10 mm zone of inhibition at 30 µg compared to 12 mm for the standard compound chloroamphenicol). Compound 1 showed no antifungal activity against Trichophyton mentagrophytes and Cladosporium resinae. The mixture of compounds 2 and 5 showed moderate activity (IC 50 >28 µM) against the P388 murine leukaemia cell line as well as moderate antibacterial activity (5 mm zone of inhibition) against Bacillus subtilis, but no activity against Trichophyton mentagrophytes and Cladosporium resinae. Atranorin 6 displayed moderate activity against the P388 murine leukaemia cell line (IC 50 of >33 µM), but showed no antimicrobial activity against Bacillus subtilis, Trichophyton mentagrophytes and Cladosporium resinae. Finally, 5-chlorosekikaic acid 5 and parietin 7 also displayed moderate antitumor activity (IC 50 >28 and >44 µM respectively).
Experimental

General experimental procedures:
For details on the general experimental procedures please see [8a] . HR-ESI-MS was carried out on an Agilent 6200 Series TOF system (ESI operation conditions of 8 L/min N 2 , 350 degrees drying gas temperature and 4000 V capillary voltage) equipped with an Agilent 1200 Series LC solvent delivery module (100% CH 3 OH at a flow rate of 0.1 mL/min) in negative ionization mode (in all cases the instruments were calibrated using the using purine as the reference compound or the 'Agilent Tuning Mix' HP0921). All analytical HPLC analyzes were performed on a Dionex P680 solvent delivery system equipped with a PDA100 UV detector (operated using "Chromeleon" software) or on a Varian Prostar 335 PDA detector using STAR LC WS Version 6.0 software, monitored at λ max 215 and 254 nm. Analytical HPLC analyzes were run using either a standard gradient method (0-2 mins 10% CH 3 CN/H 2 O; 14-24 mins 75% CH 3 CN/H 2 O; 26-30 mins 100% CH 3 CN and 32-40 mins 10% CH 3 CN/H 2 O and 40 mins 10% CH 3 CN/H 2 O) or using an optimized gradient method consisting of (0 mins 20% EtOAc/n-hexane; 10 mins 20% EtOAc/n-hexane; 11 mins 100% EtOAc and 20 mins 100% EtOAc) on a Phenomenex Prodigy ODS (3) C 18 100Å 250 × 4.6 (5 µm) or on a Alltech Alltima Silica 250 × 4.6 (5 µm) column at a flow rate of 1.0 mL/min. Normal phase semi-preparative HPLC were carried out on a Varian Prostar 210 (Solvent Delivery Module) equipped with a Varian Prostar 335 PDA detector using STAR LC WS Version 6.0 software using a optimized gradient method consisting of (0-10 mins 20% EtOAc/nhexane and 11-20 mins 100% EtOAc) on a Alltech Alltima Silica 250 × 10 (5 µm) column at a flow rate of 3.5 mL/min monitored at λ max 215 and 254 nm.
Material: The green lichen Ramalina glaucescens Kremp, accompanied, by the bright orange lichen, Xanthoria parietina (L.) Th. Fr. were collected on the 8 th of September 2006 from Trentham, Victoria, Australia. The lichens were collected by chiselling pieces off tree branches and then physically separating the two lichen samples. Small (2 x 2 cm) samples of each lichen were sent to Emeritus Prof John A. Elix (Australian National University, Canberra, Australia) for identification. Voucher specimens were designated the codes 2006-33 and 2006-32 for R. glaucescens and X. parietina, respectively and are deposited at the School of Applied Sciences, RMIT University.
Extraction and Isolation:
Following the physical separation of R. glaucescens from X. parietina the sample of R. glaucescens (20 g) was extracted with 100% CH 2 Cl 2 (200 mL). The crude extract (86 mg) was then decanted and concentrated under reduced pressure, filtered through a 0.45 µm filter and subjected to normal phase semi-preparative HPLC to yield (+)-usnic acid 1 (17.4 mg, 0.22%), a mixture of sekikaic acid 2 and 5-chlorosekikaic acid 5 (5.4 mg, 0.07%) (as confirmed by 1 H NMR), atranorin 6 (2.8 mg, 0.04%) and parietin 7 (7.8 mg, 0.01%). Inadvertently a small portion of X. parietina had also been extracted in the process, resulting in the isolation of 7. All percentages are based on the mass of the dried weight of both lichens.
Biological evaluation of the crude extracts:
Extracts of R. glaucescens and X. parietina were evaluated in a number of biological assays at 50 mg/mL including against a P388 Murine Leukaemia cell line (antitumor assay), as well as against a number of bacteria and fungi (antimicrobial assays) at the University of Canterbury, Christchurch, New Zealand. For R. glaucescens, moderate antitumor activity was observed for the crude extract (IC 50 of 16,652 ng/mL). The R. glaucescens extract also displayed significant antimicrobial activity with zones of inhibition detected against Bacillus subtilis, Trichophyton mentagrophytes and Cladosporium resinae. No activity was detected for Eschericha coli, Pseudomonas aeruginosa and Candida albicans. The crude extract of X. parietina showed significantly less antitumor activity (IC 50 of 26,101 ng/mL). In addition the X. parietina extract displayed only slight antimicrobial activity, with marginal zones of inhibition detected against B. subtilis, T. mentagrophytes and C. resinae.
Antitumor assay (P388 Murine Leukaemia cell line):
For the antitumor assay a two-fold dilution series of the crude extracts, compounds 1, a mixture of compounds 2 and 5, as well as compounds 5 and 7 were incubated for 72 hours with P388 (Murine Leukaemia) cells. The P388 media used for growing the cells and for all the dilutions in the assay consisted of the following reagents: MEM (Sigma Cat.No M0268), 10% Foetal Calf Serum The concentration of sample required to reduce the P388 cell growth by 50% (comparative to control cells) was determined using the absorbance values obtained when the yellow dye MTT tetrazolium is reduced by healthy cells to the purple colored MTT formazan and is expressed as an IC 50 , in ng/mL. The P388 standard used was Mitomycin C (Sigma M0503) with an IC 50 of 183 ng/mL. Antimicrobial assays: A standardized inoculum was prepared by transferring a loop of bacterial/fungal cells, from a freshly grown stock slant culture, into a 10 mL vial of sterile H 2 O. This was vortexed and compared to a 5% BaCl 2 in H 2 O standard to standardize the cell density. This gave a cell density of 10 8 colony-forming units per mL. 10 mL of the standardized inoculum was then added to 100 mL of Mueller Hinton or Potato dextrose agar and mixed by swirling, giving a final cell density of 10 7 colonyforming units per mL. 5 mL of this was poured into sterile 85 mm petri dishes. The suspensions were allowed to cool and solidify on a level surface to give a 'lawn' of bacteria/fungi over the dish. The crude extracts, compounds 1, a mixture of compounds 2 and 5, and 6 were pipetted onto 6 mm diameter filter paper discs and their solvents evaporated. These discs were then placed onto the prepared seeded agar dishes (with appropriate solvent and positive controls) and incubated. Active antimicrobial samples displayed a zone of inhibition outside the disc, which was measured in mm as the radius of inhibition for each bacteria/fungi. The six organisms were Eschericha coli (G-ve ATCC 25922), Bacillus subtilis (G+ve ATCC 19659) and Pseudomonas aeruginosa (G-ve ATCC27853) for the bacteria and Candida albicans (ATCC 14053), Trichophyton mentagrophytes (ATCC 28185) and Cladosporium resinae for the fungi. For the antimicrobial assays the standard reference compounds included 10 μg gentamycin (Difco 6423890) which showed a 10 mm zone of inhibition against E. coli and P. aeruginosa, 30 μg of chloroamphenicol (Difco 61338910) which showed a 12 mm zone of inhibition against Bacillus subtilis, and 100 iu units of nystatin (Difco 6753890) which showed zones of inhibition of 12 mm, 6 mm and 10 mm against Candida albicans, Trichophyton mentagrophytes, and Cladosporium resinae respectively. For further information on the antimicrobial and antitumor assays please see references [8a and 8b] . (1) (2) Isolated as an unstable brown oil. UV profile from HPLC (EtOAc/n-hexane) λ max 265 and 307 nm (mixture). No IR spectrum was recorded as 2 had completely converted to 5 by this stage. 1 
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